Recent interest in very thin single phase Ga 1-x Mn x N dilute magnetic layers increased needs for precise, non-destructive, and relatively fast characterization methods with key issues being the macroscopic lateral Mn distribution and the absolute values of Mn concentration x. We report on resonantly enhanced UV Raman scattering studies of high quality Ga 1−x Mn x N layers grown on GaN templated sapphire by molecular beam epitaxy with 4 < x < 9%. The main advantage of the UV excitation is the restriction of the light penetration depth to nearly a hundred nanometers, eliminating signal from the GaN buffer. Under this conditions we determine the dependence of the 1LO phonon frequency on x, what allows for a fine mapping of its lateral distribution over the entire surface of the samples. Our Raman scanning clearly confirms substantial lateral distribution of Mn atoms across the layer, which is radial with respect to its center. From the established distributions in two deliberately chosen layers the magnitude of the optimal growth temperature for most efficient Mn atoms incorporation in epitaxial GaN has been confirmed. It is shown that the combination of the 1LO line width and its energy provides assessment of the crystalline quality of the investigated layers.
Introduction
Ever so increasing importance of ternary and quaternary nitride compounds in fields of blue, ultra-violet (UV), and white light emitting devices [1] and high power applications [2] has increased the requirement on the lateral homogeneity of the relevant layers and quantum structures grown by nonequilibrium growth techniques, the molecular beam epitaxy (MBE) method, in particular. It turns out that apart from such important growth-related parameters like substrate bowing [3] or offcut distribution [4] , the lateral inhomogeneity of the growth temperature of the substrate (T g ) has equally detrimental influence on the crystalline quality of the epitaxially deposited ternary compounds, as recently evidenced in (Ga,Mn)N [5] . The matter is getting more important not only for the large-size fabrication technology. The concern is also exerted by the basic research community, since, if not recognized prior to processing or functionalization steps, the composition of the investigated device which differs from the assumed one may lead to a considerable misinterpretation of the intended effect or to an undesired functioning of the prospective device. It is therefore of a paramount importance to have identified effective and practical characterization techniques suitable for new materials. Amongst many non-destructive techniques the Raman spectroscopy offers speed, sensitivity and high lateral resolution, providing that the most convenient excitation range has been applied. This very useful technique allows to characterize semiconductor crystals, thin layers, and low-dimensional structures containing transition metals [6] [7] [8] [9] [10] [11] and with a very good spatial resolution [12, 13] . In particular, Raman scattering provides information on the crystalline quality, strains, free carrier concentrations (where applicable), and finally on the composition of III-V alloy systems [14] [15] [16] [17] , disorder [18] , as well as it permits large wafer's mapping [19] .
(Ga,Mn)N, a magnetic derivative of GaN, in which a fraction x of Ga atoms is randomly replaced by Mn species, has emerged recently as an important for semiconductor spintronics Rashba material [20] . It has also been shown to exhibit promising functionalities after the existence of the direct coupling between the piezoelectricity of wurtzite GaN and the single ion magnetic anisotropy of Mn 3+ ions [21] . This development has accelerated an interest in very thin, high quality, (Ga,Mn)N magnetic layers, so do the needs for precise and fast characterization. Here, the key issue is the macroscopic lateral distribution of Mn and absolute values of its concentration, as the later has a direct influence on such basic magnetic characteristics as Curie temperature (T C ) [5, 22, 23] and magnetic anisotropy [21] . Since the incorporation of Mn into a semiconductor host during MBE growth process is very sensitive to T g , any lateral inhomogeneity of T g gives rise to a nonhomogeneous incorporation of Mn, resulting in a strong variations of T C . In a consequence, a negative impact on the functionality of the potential devices is expected, considerably reducing the yield of the fully operational structures. Because of the strong sensitivity of T C on x (T C ~ x 2.2 ) [22] , as in other superexchange-coupled dilute magnetic semiconductors (DMS) [24] [25] [26] [27] , the lateral distribution of x in homogeneous Ga 1−x Mn x N layers can be quite precisely tracked by magnetic measurements [5] . Both the rather low magnitudes of T C (below about 13 K) and the highest magnetic saturations among all Mn-containing DMS compounds allow a relatively accurate assessment of x, and, as argued recently [28] , these features are strongly indicative of a prevalence of Mn in +3 oxidation state. Magnetometry is, generally, a time consuming and, most predominantly, a destructive characterization method, since the original, the as grown material has to be fragmented into small pieces to fit into the sample chamber of the magnetometer. On the other hand, the so much useful high resolution x-ray diffraction (HRXRD) and secondary ion mass spectrometry (SIMS) tools cannot be considered as an alternative high yield every day options, since the former calls for large acquisition times in case of nm thin layers, whereas the latter does destroy the investigated layer, at least at the areas where the depth profiles are taken. Neither the traditional optical methods, as for example the photoluminescenceso indispensable characterization tool of close related nitrides: (In,Ga)N or (Al,Ga)N [29] -can be of a help here. The Fermi level pinning at the mid-gap located Mn 3+ acceptor in GaN [30, 31] effectively kills all the radiative recombination in dilute (Ga,Mn)N. Under such circumstances Raman scattering arises as a very powerful tool, enabling a fast feedback on the relevant material properties in a nondestructive fashion. The required information on the crystalline quality and strains is embedded in the magnitudes of E 2 phonon linewidth and frequency, respectively, whereas A 1 (LO) phonon-plasmon frequencies allow to determine the free carriers concentration. Most importantly here, the frequencies of all phonon modes depend on the alloy composition [32] [33] [34] . In particular, for hexagonal Ga 1-x Mn x N with x ≤ 0.2, except for the A 1 (TO) phonon, all the other modes are expected to have their frequencies decreasing with the increase of Mn content [35] .
To address the need for a fast, accurate, and nondestructive diagnostics for single phase magnetically dilute (Ga,Mn)N layers, we thoroughly examine the lateral dependence of the UV Raman scattering from the LO phonon mode in MBE grown (Ga,Mn)N with Mn concentration ranging from 4.9 to 8.3%. It is shown that combined results of 1LO phonon frequencies and linewidths acquired in a mapping-mode allow to quantify the lateral Mn distribution and provide a qualitative assessment of the layer's structural quality.
Experiment
About 100 nm thin (Ga,Mn)N layers investigated here have been grown by plasma assisted MBE method in a Scienta-Omicron Pro-100 MBE chamber on GaN(0001) templates deposited on c-oriented sapphire in a form of a quarter of the 2 inch wafer. All the pertinent growth conditions and results of the structural characterization are detailed in ref. [5] . The three samples investigated here have been grown at intended T g of 590, 605, and 620°C, while keeping all the other growth parameters nominally unchanged. Accordingly, the samples are labeled as S590, S605, and S620. These temperatures have been set according to the read-out of a video pyrometer aimed at the center of the substrate. For these magnitudes of T g the Mn incorporation in the central parts of the samples amounts to about 7, 8, and 6%, respectively, as determined jointly by magnetic saturation at low temperatures, SIMS, and HRXRD [5] . However, due to the existence of the distribution of T g across the substrates and a rather strong dependence of x on T g , the overall distribution of x in these three layers extends from about 5 to 9.5%, as assessed previously in ref. [5] , and detailed later in this letter. The existence of the optimum value of T g for achieving the most efficient Mn incorporation in GaN at the given growth conditions employed by us (about 605 +/-5 °C) results in a situation that the central parts of samples S620 and S605 exhibit the highest, whereas the centre of S590 sample exhibits the lowest x found in each of these samples. The detailed in-depth magnetic studies, performed according to the lab-code [36] and tools [37] elaborated for studies of minute magnetic moments deposited on bulky substrates, established the single magnetic phase constitution of the studied layers [5] .
The room temperature micro-Raman scattering measurements are performed using a Monovista CRS+ Confocal Laser Raman System with the spectral resolution below 1 cm -1 . The spectra are excited with two laser wavelengths λ exc = 532 and 325 nm. After focusing on the specimen the spot diameters of the incident light amount to 1 and 10 μm, respectively. The measurements are performed in the backscattering geometry. According to the selection rules for experimental geometry employed here three phonons E 2 (low), E 2 (high) and A 1 (LO) in the first order Raman spectrum of GaN are allowed [7] [16] . Overtones always contain the representation A 1 while combinations of phonon states belonging to different irreducible representations never contain A 1 representation [38] . Care has been taken to ensure that the illumination does not lead to any heat developments in the investigated films. The polarization of the scattered light has not been analyzed. The position of the Raman peaks as well as their full width at half maximum (FWHM) values are obtained from a fitting of the Lorentzian shape to the relevant sections of the spectra with the typical deviations not exceeding 0.3 and 1 cm -1 , respectively. Features marked by asterisk are ambient O 2 bands. The spectra are shifted vertically for clarity of the presentation. Inset: a zoom of the 1LO peak region of the S620 sample with the data points in green and the Lorenzian fit (the red line).
Results and discussion
The representative high frequency part of the Raman spectrum of one of the (Ga,Mn)N layer (sample S605, x  8%) excited with laser wavelength of 532 nm is compared with the GaN template and an Al 2 O 3 substrate spectra in Fig. 1 (a) . The data exemplifies the fact that Raman scattering in visible frequency range does not provide relevant information on thin (Ga,Mn)N layers. The absorption coefficient for this wavelength in GaN is negligibly small [39] , so the light penetrates through both the whole (Ga,Mn)N and GaN layers into the Al 2 O 3 substrate. For this reason the sample's Raman spectrum contains mostly the signal from the 3 µm thick GaN buffer, rendering the analysis of the phonon modes in ~100 nm thin (Ga,Mn)N layer rather problematic. Indeed, the dominant features in the (Ga,Mn)N spectrum, the E 2 (high) and A 1 (LO) peaks at approximately at 570 and 735 cm -1 , respectively, are found at exactly the same position as in the GaN template. Both spectra exhibit also peaks of Al 2 O 3 substrate at about 578 and 751 cm -1 . The main difference between (Ga,Mn)N and GaN buffer spectra is seen around 600, 665, and 710 cm -1 , where weak and broad bands develop in (Ga,Mn)N. These phonon structures ubiquitously observed in (Ga,Mn)N mixed crystals [7, 35, [40] [41] [42] [43] are understood to reflect the vibration modes of the distorted nitrogen sublattice [7] . However, they are too weak and too broad to serve as a reliable information source on the constitution of the investigated layer.
In order to restrict the probed depth of the samples to just a few tens of nanometers we take advantage of the much shallower penetration of the 325 nm (3.82 eV) UV light into the material, which according to ref. 39 should be less than 100 nm for all values of x studied here. This ensures that most of the Raman-scattering signal comes from the (Ga,Mn)N layers, thus eliminating the detrimental contributions of the luminescence from the GaN buffer layer. The energy of the excitation photons is close to the band-gap of GaN (3.4 eV at room temperature) and (Ga,Mn)N, since the band-gap opening rate in (Ga,Mn)N amounts only to about 0.027 eV per % of Mn [44] . Accordingly, even with the highest Mn content of about 9.5% the band gap of (Ga,Mn)N layer does not exceed 3.7 eV, thus for all measured samples the conditions for the above band-gap excitation are satisfied.
The representative Raman spectra obtained under 325 nm excitation from the central parts of the three (Ga,Mn)N epilayers studied here are shown in Fig. 1 (b) . For this wavelength due to Fröhlich interaction [45] [46] strong resonant Raman scattering of the A 1 (LO) phonon relative to E 2 (high) as well as the second and the third-order (not shown) Raman scattering is observed. The frequency of the 1LO phonon mode ( LO ) changes form (724.2 ± 0.1) cm -1 for the sample S620 (x  6%) to (719.5 ± 0.2) cm -1 for the sample S605 (x  8%). A representative Lorentzian fit to the experimental data is presented in the inset to Fig. 1 (b) . Such a beyond the experimental uncertainty dependence of  LO on x, indicates that UV Raman scattering can be employed to relatively accurate determination the Mn content in (Ga,Mn)N compound. However, to obtain absolute magnitudes of x a proper calibration of this tool has to be performed first.
To this end we consider two samples, S620 and S605, in which (Ga,Mn)N layers had been found fully strained with respect to the GaN buffer, assuring that their lattice parameters a and c remain in the same epitaxial relationship with x, as found in ref. [5] . The same studies showed that the sample grown at the lowest T g (S590) exhibits partial relaxation of the lattice. Since the magnitude of c, and so  LO in this layer, may not reflect x in the same degree as it does in the fully strained layers, this sample is excluded from our consideration at this stage. Nevertheless, the two first layers provide a sufficiently wide range of x to assess the character of  LO (x). This is because of the nonuniform heat transfer to the sapphire substrates in the MBE growth chamber leading to sizable lateral variation of T g , reaching ΔT g  12 °C between the edge and the center of approximately 1" wide substrate. For example, such magnitude of ΔT g yields Δx as high as ~2% in 7% S620 sample [5] . 1LO phonon frequency plotted versus Mn content (x) determined by secondary ion mass spectrometry (SIMS, green stars), high resolution X-ray diffraction (HRXRD, red diamonds), and from low temperature saturation magnetization (SQUID, blue bullets) [5] . Solid line is the linear regression fit to the data given in Eq. 1.
In Fig. 2 we plot the magnitudes of  LO established for a range of specimens cleaved from samples S620 and S605 as a function of x, determined for these fragments independently by HRXRD, SIMS and/or SQUID magnetometry. The sizes of investigated specimens are between 12 and 25 mm 2 . Each value of  LO indicated in the Fig. 2 represents the average of 4 -6 readings taken across each investigated fragment. This is to simulate the determination of x from HRXRD and SQUID measurements, which are integral probes, so their outcome represents an averaged magnitude of x in the given specimen. The magnitudes of the error bars for the phonon line positions are given by the standard deviation of these averages. The results presented in Fig. 2 tend to group in pairs, or even triplets, since all the available evaluations of x are indicated in the figure. As seen in the figure, a set of specimens cut from these nominally x = 6 and 8% (Ga,Mn)N layers covers the range of x from 4.9 to 8.3%. The main feature provided by this plot is that  LO decreases with x, a fact anticipated on the account of the increase of the c lattice parameter on x in (Ga,Mn)N epilayers [5] [23]. This assumption is fully corroborated by the insulating character of magnetically homogeneous (Ga,Mn)N bulk crystals [47] and epilayers [28, [48] [49] [50] , thus no influence of phonon-plasmon coupling is expected here. Now, guided by the spread of the points in Fig. 2, we (1) It has to be noted here, that this linear approximation is valid only for these rather large Mn concentrations. For x  0 the dependency given by Eq. 1 overshoots the A 1 (LO) energy in GaN by about 4.5 cm -1 . This fact indicates a more complex form of  LO (x) in the whole range of x, an effect previously observed [51, 52] , and expected theoretically by first principle calculations [35] . The limited accuracy of the linear approximation employed here is also evident from the visible spread of the experimental points, and confirmed by the correlation coefficient r = -0.94. Nevertheless, the relative small errors of the linear and angular coefficients allow us to perform relatively fast and nondestructive diagnostics of the lateral distribution of x. Interestingly, the slope s  2.4 cm -1 per percent of Mn lies between previously found values of s  0.8 and 5.6 cm -1 per percent of Mn in Mn-implanted GaN [51] and in nanocrystalline films deposited by reactive magnetron sputtering [52] , respectively. Such a discrepancy indicates rather sizable structural differences between (Ga,Mn)N obtained by these two approaches and the MBE technique. From this perspective we underline that the  LO dependency on x in Ga 1-x Mn x N has been established for the first time for single phase epitaxial layers with such high magnitudes of x. Finally, and importantly for the present study, at the investigated here range of x > 4.8%, the magnitude of s given by Eq. 1 allows a fine x-mapping of the material.
Having our Raman spectroscopy tool calibrated we can demonstrate that the monitoring of the magnitude of  LO can be used to determine the extent and the form of the lateral distribution of Mn concentration over the (Ga,Mn)N surfaces. This is illustrated in Fig. 3 Fig. 3(c) , yielding a change |Δx|  2.8%, from ~8% near the center to ~5.2% at the edge. This is a particularly dramatic change for DMS, and generally for dilute magnetic systems, since their characteristic magnetic temperatures depend either linearly on x, as T C in (Ga,Mn)As [53] , or quadratically in such short range coupled systems [22, 24, 54] , leading to a rather large 40% variations of T C in (Ga,Mn)N [5] . This negative gradient of x (counting from the center) is confirmed by the opposite trend of FWHM, depicted in panel (a), since the FWHM is expected to grow on x [51, 52] , so it peaks at the center area. In the case of sample S590 the scanning yields a reversed dependence of  LO on position. For this low T g the Mn concentration is the lowest at the coldest central part of the substrate and increases towards the warmer edges. This observation yet again confirms the existence of the optimal growth temperature above and below which the incorporation of Mn decreases.
On the other hand, it is worth noting that the absolute values of 1LO frequencies differ for these two samples even in locations where the same Mn content is expected according to before-growth T g assessment performed by the pyrometer. This finding underlines the remarkable sensitivity of the Raman scattering to even small structural imperfections of the investigated material. The leading effect in this case is a partial strain relaxation in layer S590, whereas layer S605 retains the perfect pseudomorphic relation to the buffer. Despite this difference, the clearly concave shape seen in Fig. 3(d) indicates that very detailed qualitative information on Mn distribution across the layer can still be extracted. Nevertheless, to indicate their only indicatory character, the magnitudes of x established for sample S590 are marked in panel (d) in a gray shade. Remarkably, this slightly lower crystalline quality is perfectly reflected by a featureless character of FWHM dependence on position, presented in Fig. 3(b) . Such a lack of accord between the results presented in panels (b) and (d) does confirm a mediocre crystalline quality of this partially relaxed layer. On the other hand, a very positive outcome of this study is the finding that both  LO and FWHM are constant within about 8 mm wide region of the central part of the S605 layer, indicating the existence of a regions with fairly uniform concentration of Mn. 
Conclusions
Resonantly enhanced UV Raman spectroscopy has been used to develop a fast and precise tool to determine the Mn content and assess the crystalline quality of ternary (Ga,Mn)N insulating thin epitaxial layers in a non-destructive manner. This is possible here only due to the Mn-related quenching of the luminescence, which otherwise obscures phonon-related features for UV-excitation in GaN-based compounds. The quantitative results of the calibration presented here are valid for fully strained layers and allow for immediate application of the method in the concentration range between 4 and 9%, i.e. where the truly magnetically dilute layers exhibit ferromagnetic properties at low end of the cryogenic temperatures. The implementation of the method for fast concentration assessments in samples obtained by other growth techniques and in suitable material systems is just straightforward, but for reliable quantitative information an own calibration effort has to be exerted. In our particular case, the Raman spectroscopy has allowed to precisely establish the optimum growth temperature of (Ga,Mn)N by a relatively accurate scanning across the surface of layers grown with a non-uniformly heated substrates, substantiating previous studies on this subject. By the same token regions of the most uniform or simply desired Mn concentration can be easily identified. In a broader context, the method presented here, by its ease, simplic ity and malleability for automatization can sizably aid the technological efforts to elaborate recipes for increase the concentration of substitutional Mn cations in GaN beyond 20%, so a vital achievement in order to bring up the ferromagnetic phase transition in this technologically profoundly important family of nitrides to the vicinity of the room temperature.
